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Master of Science

ABSTRACT

Since Volta’s discovery of “ an electric battery” in 1800, advancements have proceeded
due to great materials advances. However, the basic configuration he proposed then is
still present in today’s portable power sources. In this work, using attractive and
repulsive London-van der Waals forces, a self-organized, interpenetrating, separator-free
rechargeable lithium ion battery called a self-organized battery system (SBS) is proposed.
In this design, a repulsive interaction between the cathode and anode is used to establish
the basic electrochemical junction. Increases in both energy density (Wh/kg, Wh/l) and
power density (W/kg, W/1) are possible from such a design, due to 1) the decrease of
inactive materials required, and 2) the decrease in Li ion diffusion length between the
cathode and anode.

The sign of the Hamaker constant (A 23) determines either attraction (+) or repulsion (-)
where material 2 is the intervening material between materials 1 and 3. For low
refractive index materials (n<2), A 23 is determined primarily by the average refractive
index of materials 1,2, and 3 in the visible range. For a repulsive interaction, where
A123<0, the refractive index of materials 1,2, and 3 must be nj<n;<n3, or n;>n;>ns.

All close packed oxide cathode structures (LiMO,, where M=Mn, Co, Ni) that are
currently used in Li ion technology have refractive indexes >2. However, a new class of
cathode materials based upon the olivine, LiFePOys, allows nj<n,<n; to be achieved with
the use of organic solvents as the intervening medium. Furthermore, low refractive index
conductive/insulating polymer blends were studied as a potential coating on LiMO;
cathode materials.

Single-wave ellipsometry measurements were taken on doped LiFePOq and the polymer
blends in order to determine the refractive index. Electronic isolation between the
conductive polymer blend and both MCMB and Mg-doped LiCoO, was achieved as well
as between doped LiFePO; and MCMB.

Electrochemical cycling was performed on several SBS cells. Upon electrochemical cell
assembly, open circuit voltages were observed. Upon cycling, The cell voltages observed
upon intercalation are thermodynamically consistent with the cathode and anode
materials present in the systems. Comparisons to conventional cells using Celgard
separator between the cathode and anode are made.

Thesis Supervisor: Yet-Ming Chiang ‘
Title: Kyocera Professor of Ceramics, Department of Materials Science and Engineering
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CHAPTER 1. Overview of Current Li Ion Battery Technology
1.1 Secondary Lithium Ion Batteries

In 1800, Volta described two constructions for batteries. One, termed “the pile,”
consisted of alternate discs of Zn and Cu separated by pieces or wet pasteboard. The
other, the crown of cups, had series connected cells in separate cups using two dissimilar
metals placed on opposite sides of each cup filled with electrolyte [1-1]. Since Volta’s
discovery, several sciences within the battery field have developed. Table 1.1 gives a
performance overview of lead acid (PbA), nickel-metal hydride (NiMH), and Li ion

battery systems [1-2].

PbA NiMH LiIon
Wh/kg | 20-40 40-80 80-170
Wh/l | 40-80 150-300 300-450
$/kWh | 150-300 | 600 600
W/kg | 100-300 | 400-800 800-2000
Wi/l 200-600 | 1000-2000 | 2000-5000
$/kW | 10-20 50 30

Table 1.1 Performance comparison of Lead acid, NiMH, and Li Ion cells
As seen in Table 1.1, Li ion battery systems receive a great deal of attention as they
provide greater energy density (Wh/kg, Wh/l) and greater power density (W/kg, W/I)

compared to NiMH and PbA.
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Current lithium rechargeable battery technology first appeared in 1990 when Sony
abandoned their Li/MnO, rechargeable battery to introduce a new concept, which they
named Li Ion [1-3]. Since then, considerable research has been carried out worldwide on

lithiated cathode materials and suitable lithium host anode materials. Figure 1.1 shows

Anode

-Li metal B -LiCoO,
Carbon R ©Li(Ni,Co)O,
*Sn-oxides P LiMn,0,
‘Metal alloys LiMnO,

Figure 1.1 Illustration of Conventional Li Ion Battery
a conventional Li Ion cell configuration. Upon charging, Li ions are removed from the
cathode where oxidation occurs and travel through the electrolyte to intercalate into the
anode. Electrons travel through the external loop to the anode. Once charged, the
chemical potential of Li at the anode is greater than at the cathode and a cell voltage
develops, which is directly proportional to the Li chemical potential difference between

the anode and cathode according to the following equation [1-4]:

cathode _ 448node cathode
OCV:V(X):_/JU (X) Hij (X)Z—RT'ln aLl
_ ZF F agnode

A high chemical potential difference between anode and cathode is desirable in order
to achieve a high cell voltage, which can lead to increased energy density (Wh/kg); a

measure of the energy storage capacity. The energy density of a battery is a product of
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the specific capacity (Ah/kg) and the average intercalation voltage. However, practical
voltages of Li Ion cells are limited by the fact that the attainable difference (pa-pic) must
be less than the energy gap (E,) between the HOMO and the LUMO of the liquid

electrolyte (Figure 1.2).

Conduction Band

HOMO
A
Reductant Oxidant
E, Electrolyte
eV OCV
Potential
Y
LUMO

Valence Band

Figure 1.2 The electrochemical potential of the anode reductant and the cathode
oxidatant must lic between the electrolyte energy gap (Eg).
Thermodynamically, pa-pc <E,.

One measure of the quality of an electrolyte is its transference (or transport) number

ti= o./o

where o is the sum of all the ionic conductivities and the electronic conductivity (o) of
the electrolyte under the working conditions of the cell. An ideal electrolyte has ti=1. If

liquid electrolyte is used, a separator is needed to maintain an even spacing between the
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electrodes while blocking electronic current and passing ionic current. Common
separators are porous electronic insulators permeated by a single liquid electrolyte.
1.2 Cathode and Anode Materials of Interest

Since AEA’s discovery of LiCoO, and LiNiO; in 1979, they have served as some of
the primary cathode materials along with spinel LiMnyO4, which was discovered later [1-
5]. However, LiCoO; is reactive with the liquid electrolyte in the charged state, with cell
explosions having been documented over the years when LiCoQ, is used as the cathode.
Furthermore, Co is expensive, with an average 10 year price of $20.87/pound. These
facts have constrained the application of LiCoO,-based cells to small applications such as
cell phones and laptops [1-6]. For LiMn,04, a high rate capability is obtainable along
with low material costs; however, the spinel LiMn,0, has a low practical capacity of 110
mAh/g. More recent, LiNi;..M,O, has been synthesized (where M=Mn, Ti) with good
stability and high capacity of 200 mAh/g [1-7]. Another promising new cathode is
Li,Mny 4Niy 4Cog 205, which shows reversible capacity of 180 mAh/g [1-8]. While
continued development of new cathodes is expected, the rate of increase in energy
density is likely to be modest.

The inherent dangers of using metallic lithium as an anode resulted in extensive
research for a suitable replacement. In 1981, Sanyo developed graphite for use as a
lithium battery anode, which delivers a capacity of 372 mAh/g [1-5]. Numerous other
families of materials have been studied as potential replacements of higher energy

density. Table 1.2 gives a comparison of some alternative anode materials for lithium ion

batteries.
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Anode Material Issues

Alloys (i.e. LixSn, LizAl, Li,Si) swelling, pulverization of particles, loss of
capacity with cycling

Compounds (i.e. LixTiSy, LiTiO,, LiSnOy) | irreversibility, swelling, usable only with
delithiated cathodes

Li Metal dendritic growth, low coulombic efficiency

Table 1.2 Representative anode material classes with their associated safety and
performance concerns.

As an example of a new anode under study, Li3;N has a large bandgap and very low
electronic conductivity. However, Li; «CoxN is electronically conductive with a
conductivity value similar to that of LiCoO, of 102 S/cm. Specifically, Liz Cog 4N
provides a capacity of 600 mAh/g, with only a 0.02% capacity fade per cycle. The
average potential of Li3.<CoxN vs. Li is 0.7-0.8 V [1-9]. Li;.xCoxN is processed in the
crystalline state, but becomes completely amorphous during the first discharge and
remains so during subsequent discharges. With a relatively high potential with respect to
lithium, Li" is able to be reversibly exchanged without the plating of lithium on the
anode. However, for Li;<CoxN to be used in a practical Li ion cell, the cathode has to be
in a delithiated state upon assembly.

1.3 Current Status of Battery Electrolytes

Essentially all room temperature Li ion batteries use an organic liquid electrolyte with
lithium ion conductivities around 102 S/cm. For decades, researchers have worked to
replace the liquid electrolyte with a solvent free, Li salt doped, polymer based system.
The driving force for a solid polymer electrolyte (SPE) is high, as the lightweight
polymer could serve as both the electrolyte and the physical separator. Nearly all

polymer electrolytes use a poly(ethylene oxide) (PEO) based system that provides the
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conduction mechanism for Li* ions. However, all dry polymer electrolytes still give a
room temperature conductivity of at most 10 S/cm. In the current conventional layered
battery configuration, the average diffusion length of Li can be as high as 100 microns.
Such a low ionic conductivity value for Li* is insufficient to allow for reasonable battery
performance using SPE’s at room temperature.

With respect to liquid electrolytes, which are solutions of lithium salts in aprotic
organic solvents, systematic research on different additives and organic solvent
combinations has been conducted in order to increase the operating capabilities of current
batteries. One example of a typical electrolyte is 1:1:1 ethylene carbonate (EC): dimethyl
carbonate (DMC): ethylmethyl carbonate (EMC) mixture, which is suitable to —20° C.
Cathodes and anodes allowing 5 volt batteries do exist; however, conventional organic
liquid electrolytes are oxidized at voltages generally in excess of 4.3 volts. Ultimately,
the LUMO of the electrolyte components indicates the reduction potential. Additives to
the electrolyte solution suppress electrolyte decomposition, increase the level of flame
retardance, improve wettability, add overcharge/overdischarge protection, and improve
high temperature performance. Furthermore, much research has been conducted to
replace the most commonly used Li salt, LiPFs, due to its reaction with H,0 and
subsequent formation of HF, which chemically reacts with other battery components and

can be a source of failure.
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1.4 Summary

Li ion battery technology is making systematic but incremental strides in performance.
Virtually all current cell phones and laptops are powered by lithium battery technology.
Researchers continue to boost the energy density and power density of Li ion cells,
increase the safety, and improve the environmental friendliness while cutting costs.
However, compared to the computing industry, where processing power and transistor
density is doubling every 18 months, the lithium battery field has been perceived to be
limited by fundamental scientific principles that cannot be overcome simply with
enhanced processing.

In this thesis, a fundamental change in battery design that could lead to a revolutionary
change in the way batteries are manufactured and used is explored. Based upon London-
van der Waals forces, an interpenetrating electrode, separator-free, self-organizing battery
design is experimentally studied for rechargeable lithium ion batteries. Such an
interpenetrating design can dramatically increase energy density and power density,
lower manufacturing costs, and allow batteries to be used in applications not previously

considered.
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CHAPTER 2. Using London Dispersion Forces for High Energy Density, High
Power Density, Self-Organized Batteries.

Based on the assessment of secondary Li ion battery technology in the first chapter, it
is not unreasonable to say that for the last 200 years, we have improved our existing
battery technology primarily by improving the individual existing parts; cathode, anode,
and electrolyte. However, all technologies to date still use the layered configuration of
cathode and anode with a physical separator providing electronic isolation.

Using attractive and repulsive van der Waals forces, the interpenetrating, dispersion
force self-organized battery system in Figure 2.1 is proposed. This device design will be
referred to as “SBS” henceforth. This design should allow for a separator-free battery
with greatly increased loading of the electroactive species (cathode and anode). In Figure
5.1, attractive forces are required between material 1 (cathode particles) and between
material 1 and the positive current collector when they are dispersed in a fluid, material 2,
in order to have electronic percolation throughout the cathode network. Attractive forces
are also required between material 3 (anode particles) and between material 3 and the
negative current collector when they are dispersed in material 2, in order to have
electronic percolation throughout the anode network. However, for electronic isolation
of the cathode and anode, repulsive interactions are required between material 1
(cathode) and material 3 (anode) when they are dispersed in material 2. Furthermore, to
avoid shorting between the current collectors, repulsive interactions are also required
between material 1 (cathode) and the negative current collector and between material 3

(anode) and the positive current collector when dispersed in material 2.

19




Percolative Network of
Material 1

Material 1: cathode Aoy > 0
storage compound (attraction)

’P“0‘5|‘t|“ve e!ec‘trode} Bipolar Electro-

Y o T ‘ chemical Junction
_ Material 2: 4
| electrolyte/ $h92 @ A45,3<0

4
924nos/peoT

binder SR § (repulsion)

.AX..XA.A.‘

: - -~ Percolative Network
Negative electrode of Material 3

Material 3: anode A >0
323
® storage compound ~ (attraction)

electron flow ‘

Figure 2.1 Dispersion force self-organized battery system (SBS).

2.1 London Dispersion Forces

The existence of adhesive forces between small particles is well-known. In 1937,
H.C. Hamaker attributed the adhesion mainly to London-van der Waals forces and
worked to determine the magnitude and range of these forces. Hamaker concluded that
the London-van der Waals forces between two particles of the same material embedded
in a fluid is always attractive, provided there is no marked orientation of the fluid
molecules. If the particles are of different composition, the resulting force may be
repulsive [2-1]. Among the many contributions to the interaction between surfaces, e.g.
double layer, structural, steric, depletion, hydration and hydrophobic forces, the van der
Waals interaction is the only one that is always present.

The van der Waals force has an electrodynamic origin arising from the interactions
between atomic or molecular oscillating or rotating electrical dipoles within the
interacting media. There are three types of interactions which contribute to the van der

Waals Force. First, there is the Keesom force, which is the interaction between
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permanent dipoles. Second is the Debye force, which is the interaction between
permanent dipoles and induced dipoles. Third, the London or dispersion force is the
interaction between induced dipoles [2-2]. Harhaker calculated the distance dependence
of the free energy of macroscopic bodies by performing a pair-wise summation over all
the atoms in the bodies. Between semi-infinite parallel plates at separation L, the van der

Waals interaction free energy, Vyqw, can be expressed as [2-3]:

Al 23
12717

VvdW=_

Eq. 2.1
The force per unit area is equal to the negative spatial derivative of the energy.

A
Foo—_2»
vdW 67[L3 Eq. 2.2

For two spheres with radii R; and R; and distance of closest approach H, where R,

R,>>H, the van der Waals interaction energy and force can be expressed as [2-3]:

V & = Apps RiRy
vdw _—6H(R1 +R3) - Eq.2.3
oo A RR, Eq.2.4
vdw — 2
6H” (R, +R,)

where A is the Hamaker constant. As seen in equation 2.1, there is a direct
proportionality between the magnitude of the van der Waals interaction energy and the
Hamaker constant. The Hamaker constant is a materials constant that depends on the

properties of the two materials and the intervening media. For both semi-infinite parallel
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plates and two spheres, A;2;<0 gives a positive Fyaw and repulsion occurs. The distance
dependence of the van der Waals energy depends essentially on the geometry of the two
interacting bodies, being proportional to L for parallel plates and H™' for two spherical
particles at short separation distances where retardation can be ignored (less than 50 nm)
[2-3].
2.2 Calculation of the Hamaker Constant

The major contribution to the Hamaker constant comes from frequencies in the visible

and UV, and can be approximated using equation 2.5 [2-4].

_3,.(E-EYE-E,) 3m, R
Am:ZkT E+F E.+E +§ 2 ( 2 23172, 2 2\1/2¢,. 2 2,172 2 24172
1t E, 3t E, N2 () +m) " (n; +n) " {(n +m) "+ (05 +my)" %}

Eq. 2.5

The frequency v, corresponds to the mean ionization frequency of the materials present.
Typically this is ve~ 3 x 10'* Hz. k is the Boltzmann’s constant and 4 Planck’s constant.
The refractive indices for mediums 1,2, and 3 are ny, np, and n;, respectively. E;, E,, E;
are the static relative dielectric constants. The first term gives the zero-frequency energy
of the van der Waals interaction and includes the Keesom and Debye dipolar
contributions. For two non-polar media acting over a third medium, the first term is not
significant compared to the second.
2.3 Self-Organized Batteries Using van der Waals Forces

In the proposed self-organized batteries, where repulsion is always desired between a
cathode and anode for electronic isolation, while attraction between like particles of
cathode and anode are desired for electronic connectivity, successful self-organization
can be determined from the Hamaker constant (A123), where aggregation (+) or separation

(-) of phases can be determined by the sign of the coefficient. The range of refractive
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indices and dielectric constants determines the value of the Hamaker coefficient in a
three-phase system. Having a system with a high dielectric constant (E) or refractive
index (n) mismatch in a self-organized battery is beneficial in increasing the magnitude
of Ajp3, and therefore helps in achieving a high repulsion between the two phases when
n;>ny>n;. As long as n > n3, the Hamaker constant will be negative. The larger the
difference n; - ny, the more negative is Aj23. Of 31 polymer-solvent-polymer systems
tested by C.J. Van Oss et al [2-5], 16 had a positive A},3 and were therefore miscible. 11
had a negative Aj23, and the two polymers were immiscible. However, four systems had
very small values of Aj,3, between —0.9 x 10° and +2.1 x 1075 erg and two of these four
values gave rise to inaccurate predictions. Therefore, Van Oss concluded that accurate
compatibility or incompatibility of a system can be predicted at Hamaker coefficient
values of >3.0 x 10 erg or moré negative than -3.0 x 107 erg, respectively [2-5].
Interestingly, in 1937, Hamaker generalized A3 for particles embedded in a fluid to vary
between 10740 107! erg as extreme limits and to lie between 10> to 10712 erg in most
cases [2-1].

In order to have a large selection of materials for self-organized batteries, either the
cathode or anode must be of low refractive index. The refractive indices of organic
solvents and binders range typically from 1.40 to 1.59. Thus, the closer the refractive
index of either the cathode or anode to 1.40, the greater the selection of solvents and
polymers available to satisfy nj<ny<n3;. However, if the lowest refractive index material,
either cathode or anode, is 1.7, the number of organic solvents commercially available
with n greater than 1.7 is less than 10. No documented polymer binders used for

electrochemical cells have a refractive index greater than 1.7.
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2.4 SBS Comparison with Conventional Cylindrical Cells; Performance Gains
from the Interpenetrating Design

18650 Cylindrical Cell

25.5 wt%
LiCoO,
cathode

75 vol%: Electrolyte, separator
current collectors, can

65 wt%: Electrolyte, separator
current collectors, can

By Volume By Weight

Figure 2.2 Weight% and volume% analysis of conventional Li ion cells.

Conventional Li ion cells have poor volumetric and gravimetric utilization of the
storage materials. For comparison, in a typical 18650 cylindrical cell (Figure 2.2), 75
vol% or 65 wt% is taken up by electrolyte, current collectors, and packaging materials.
In the separator free, SBS design, greatly increased energy density could be achieved by
reduction in the amount of electrolyte and separator required for electronic isolation of
the anode and cathode. We estimate that 50 vol% solids packing could be easily
achieved, resulting in about a factor of two increase in energy density.

Furthermore, the self-organized battery system allows for the nanoscale approach of
the cathode and anode. Force/distance curves for repulsive van der Waals forces by
Sigmund and Lee [2-6] show that repulsive interactions based on negative Hamaker

constants between two dissimilar particles in an intervening medium begin to dominate at
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distances from 6-10 nm. This allows for a shorter diffusion length of Li" and should
result in an increase in power density.

Models and experiments for conventional batteries have demonstrated that the rate-
limiting transport step is in most instances Li" ion diffusion through the liquid-filled pore
channels of the composite electrode [2-7,2-8]. Thus, by reducing the Li ion diffusion
distance to at best a few nanometers, or even to just a few microns, the power density
gain over current technologies is expected to be one to two orders of magnitude.
However, other factors must be considered that could be rate limiting as well.
Particularly, the low electronic conductivity of conventional cathodes may have to be
increased to take full advantage of the power density available in the interpenetrating
design.

Furthermore, the quest by many researchers for the past 20 years to commercially
implement a pure solid polymer electrolyte (SPE) may finally be realized with such an
interpenetrating design. The best SPE’s on the market today have room temperature
conductivities of 10™ S/cm, which is still an order of magnitude below that of liquid
electrolytes. By incorporating a SPE into the SBS design, additional packaging
requirements that are required with liquid electrolyte cells could be removed, further
reducing the weight of the electro-inactive materials and increasing the energy density of

the cell.
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CHAPTER 3. Electronically Conductive Polymer Blends and Their Application to
the SBS Concept

3.1 Introduction

The materials requirements for self-organized battery systems outlined in the previous
chapter narrows the scope of usable cathode materials. To date, all secondary lithium
cells have used approximately 10 wt% of a carbon additive in the cathode in order to
ensure adequate electronic percolation. The SBS design is based on independent cathode
and anode networks that are electronically conductive, and use only particle contacts to
accomplish electronic percolation. A cathode material with potentially low enough
refractive index and reasonable electronic conductivity is doped LiFePOQ, olivine [3-1].
LiFeSOq, with a refractive index value of 1.54 [3-1], was explored briefly, but the
compound was found to be too insulating in its undoped state. Conventional Li ion
cathode materials such as LiCoO,, LiMnO,, and LiMn, Oy all have refractive index values
of approximately 2.5, which would rule out the use of most organic separators/binders as
the intervening material 2 [3-2]. However, one way to use conventional Li ion cathode
materials in such an interpenetrating structure is to coat the cathode particles with an

electronically and ionically conductive organic coating as displayed in Figure 3.1.
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Coating to shield /
particle

Cathode

Figure 3.1 Demonstration of low refractive index, electronically conductive
polymer coating on the cathode in order to give A»3<0.

One class of electronic/ionic conductive coatings can be conductive polymers and
their blends. Another class may be sol-gel oxides. In this study, only conductive
polymers were explored.

The first conductive polymer, polyacetylene, was discovered by accident in the 1970°s
by Heeger, MacDiarmid, and Shirakawa. They received the Nobel Prize for the discovery
in 2000. Polyacetylene has a conductivity of 10,000 S/cm, but is highly unstable and
decomposes quickly, even under inert atmosphere. Since then, numerous other
conductive polymers of greater stability have been studied. A summary of some

properties of the main groups of conducting polymers is listed in Table 3.1 [3-3].
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Polymer Conductivity Stability (doped Processing
(S/cm) state) Possibilities
Polyacetylene 10°-10° Poor Limited
Polyphenylene 1000 Poor Limited
Poly(p-phenylene 1000 Poor Limited
vinylene)
Polypyrrole 100 Good Good
Polythiophene 100 Good Excellent
Polyaniline 10 Good Good

Table 3.1 Summary of conductive polymers available.

3.2 POMA/PVAF Conductive Blends
3.2.1 Introduction

All of the above mentioned conductive polymers are opaque, and little documentation
exists regarding their refractive index values. Polyaniline (PANI) is one of the most
studied due to its low cost and ease of processing. However, PANI has an average
refractive index value‘of over 1.8 [3-4], which greatly reduces the available refractive
index window for organic binders/electrolytes to be used as the intervening medium,
when PANI is used as the coating. Thus, in order to lower the refractive index of the
conductive coating, blends of an electronically conductive polymer with a low refractive
index insulating polymer were considered in this work.

Poly(vinylidene fluoride) (PVdF) blends with PANI derivatives are well-studied with

respect to their conductivity, processing, and miscibility [3-5]. Methoxy and ethoxy
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substituted PANI show complete miscibility with PVAF when combined from

dimethylformamide (DMF) co-solvent. Undoped PANI is soluble in DMF, but is

immiscible with PVdF when DMF is the co-solvent. The alkyl substituents on PANI
greatly increase its solubility, with a slight decrease in electrical conductivity compared
to parent PANI.

Conductive polymers in their insulating (undoped) state are referred to as emeraldine
base (EB). Upon addition of a conventional acid, such as hydrochloric acid (HCI),
trifluoroacetic acid (TFA), or toluene sulfonic acid (TSA), the polymer becomes
conductive. Electronic conduction occurs through generally a p-type mechanism along
the sp’ conjugated backbone. A few n-type conductive polymers do exist [3-6]. The EB
can be doped using three different doping methods: 1) doping the polymer in the powder
form before dissolution, 2) first dissolving the undoped polymer and then doping it by
adding concentrated acid to the solution, or 3) doping the polymer in the form of a film.
Of the three doping methods, none appears to be superior to the others with respect to the
electronic conductivity that is achievable.

The first system I examined for use in electronic isolation experiments was 10 wt%
poly(o-methoxyaninine) (POMA) and 90 wt% poly(vinylidene fluoride) (PVdF). This
combination allows for flexible, free-standing and stretchable films. Blends of
conducting/insulating polymers can allow the best properties of both to be realized. This
blend provides the electronic conductivity of POMA and the mechanical strength of
PVdF. Conducting polymers cast by themselves are highly crystalline due to the rigid
backbone of the sp® hybridized system. Blending of POMA with PVdF at low wit%

POMA allows for suitable electronic conductivity and films that can easily be cast (e.g.,
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onto a glass substrate) and removed in one piece for analysis and further experimentation.
The composition 10 wt% POMA/90 wt% PVdF was selected, for which the literature
gives a room temperature conductivity value of 5 x 10 S/cm [3-5].

3.2.2 Synthesis of Conductive Polymer Blends

Separate stock solutions of PVAF and TFA doped POMA were first prepared using
N,N-dimethylformamide (DMF) as the co-solvent. A PVdF (534,000 M.W.) solution in
DMF with a concentration of 0.0989 g/ml was prepared by mixing the appropriate
amounts of starting materials and stirring at 70° C for approximately 20 minutes, where
upon complete dissolution occurred.

A POMA stock solution with a concentration of 0.0171 g/ml was prepared. 9 vol% of
TFA dopant relative to the TFA and the DMF was added. POMA EB was first dissolved
in DMF at 70° C. Once the POMA was completely in solution, the TFA was added.
Doping could be instantaneously observed by the color change from a bright blue to a
dull green solution.

Appropriate amounts of the stoc.k POMA and PVdF solutions to obtain 10 wt%
POMA/ 90 wt% PVdF in the dried film were then combined and stirred vigorously for
three minutes at room temperature. The solution, which was completely miscible, was
then cast with a pipette onto a glass slide and dried under vacuum for 12 hrs. at room
temperature. Conductive films approximately 15 pm thick were obtained.

3.3 Conductivity Measurements of Polymer Blends
3.3.1 Experimental
A film of 10 wt% POMA/90 wt% PVdF (TFA doped) composition was cast onto a

glass slide using the synthesis technique of section 3.2.2. The film dimensions were 5.0
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mm, 0.030 mm, and 25 mm (Figure 3.2). Ag paint leads were attached to the ends of the
film. A two-point conductivity measurement was taken in air immediately upon removal

of the film from the vacuum oven.

/ 25.0 mm length

5.0 mm wide

s

0.030 mm thick

Figure 3.2 10 wt% POMA/90 wt% PVdF dimensions with Ag paint leads on the
ends for electronic conductivity measurements. The film was cast
onto a glass substrate.

3.3.2 Observations
A two-point resistance of 14 MQ was observed across the 1.5 x 10” cm? area by 2.5

cm length sample. This corresponds to a resistivity of 8400 Qcm, and a conductivity of

1.19x 10* S/cm.
3.3.3 Conclusions

The measured conductivity value of 1.19 x 10™* S/cm is in good agreement with the
literature value of 5 x 10 S/cm for the same composition of 10 wt% POMA/90 wt%

PVdF and using TFA as a dopant [3-5]. This conductivity value is assumed sufficient for
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electronic conductivity in a cathode network if it can successfully be coated onto a

cathode particle.

3.4 Refractive Index Measurement of 10 wt% POMA/90 wt% PVdF Conductive
Blend

The 10 wt% POMA/90 wt% PVdF (TFA doped) composition was selected since it
proxﬁdes sufficient conductivity as well as potentially a low refractive index. PVdF has a
refractive index of 1.42. The goal was to achieve adequate electronic conductivity while
keeping the refractive index as low as possible.

3.4.1 Experimental

Ellipsometry measurements were taken of the opaque films cast on glass slides using
the Gaertner Single Wave Ellipsometer Model L3W26C operating at 633 nm.
3.4.2 Observations

A refractive index value of 1.46 was obtained for the 10 wt% POMA/90 wt% PVdF
(TFA doped) polymer blend. Figures 3.3 (a) and (b) show SEM images of the dried films
of 10 wt% POMA/90 wt% PVdF (TFA doped) polymer blend. The morphology
observed is similar to that of pure PVdF, which also dries in 4-6 pm diameter spherical
particles. The electronically connected POMA network is dispersed within the spherical

particles and at the particle necks.
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Figure 3.3 a SEM analysis of 10 wt% POMA/90 wt% PVdF (TFA doped)

POMA/90 wt% PVdF (TFA doped)

Figure 3.3 b SEM analysis of 10 wt%
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3.4.3 Conclusions

An electronically conductive, low refractive index POMA/PVdF blend was identified
and prepared. The measured refractive index value of 1.46 allows multiple options for
organic electrolyte/binders as the intervening material 2 in a self-organized battery, since
these materials have refractive indices that typically range from 1.45-1.59.
3.5 Coating of Particles with a 10 wt% POMA/90 wt% PVdF Conductive Blend

Limited attempts were made at open-air milling of LiCoO, and MCMB with the
conductive blend solution in DMF, using Teflon balls. Upon drying; however, uniform
coatings did not result at the particle scale. Instead, the batch of powder and polymer was
severely agglomerated. Due to time limitations, particle-coating processes were not
investigated in greater detail.
3.6 Summary

A conductive polymer blend was established that can serve as a low refractive index
end member of a self-organized battery. This application of particle coatings deserves
further attention as a method for obtaining low refractive index, electronically, and
ionically conductive materials. It may allow a solid polymer electrolyte (SPE) such as
PEO to be used in an SBS cell. High molecular weight PEO has a refractive index range
of 1.51-1.54; therefore, a negative Hamaker would be maintained when PEO is the
intervening medium between the conductive blend and the high refractive index anode.
Depending upon the polymer chain mobility in the solid state, it could also be a dynamic,

self-repairing system.
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CHAPTER 4. Electronic Isolation Experiments

In order to have a self-organized battery system, a bipolar electrochemical junction
has to be established. Having a system with a high dielectric constant (E) or refractive
index (n) mismatch in a self-organized battery is beneficial in increasing the magnitude
of A123, and therefore helps in achieving a high repulsion between the anode and cathode
phases when n; > n; > n3. As long as n; > n3, the Hamaker constant will be negative. The
larger the difference n; - n,, the more negative is Aj;.

Four experiments were conducted to test for electronic isolation in a layered geometry
between two conductive materials between which Aj,3<0 is expected. In layered
experiment 1, a polymer blend of 10wt% poly(o-methoxyaninine) (POMA)/90wt%
poly(vinylidene fluoride) (PVdF) was cast and dried as a free standing film, and layered
on top of a wet casting of a MCMB/PEO/diiodomethane (DIM) layer. The expectation
was that the low refractive index conductive polymer film would be isolated from the
high refractive index MCMB due to a repulsive dispersion force.

In layered experiment 2, LiMgg ¢5C0¢.9502 (LMCO) powder in a PEO/DIM solution
was cast onto a POMA /poly(acrylonitrile) (PAN) conductive film, with the expectation
that the LMCO would be isolated from the conductive film.

In layered experiment 3, LMCO in a PS/DIM solution was cast onto a 10 wt%
POMA/90 wt% PVAF film, again with the expectation that the LMCO would be isolated
from the conductive film.

In layered experiment 4, MCMB in a PS/1,2-diiodoethane (DIE) solution was cast
onto a solid film containing 80 vol% LFP/20 vol% PVdF (534K MW). The DIE medium

was expected to electronically isolate the MCMB from the LFP. In all four systems, a
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low refractive index (n;) and a high refractive index (n3) electronically conductive
material is used with an intervening fluid of intermediate refractive index (my).
Therefore, nj< ny< n3, and A 53<0 is expected.
4.1 Layered POMA/PVdAF-PEO/DIM-MCMB Isolation Experiment
4.1.1 Experimental

A suspension consisting of MCMB dispersed in a solution of DIM and PEO was tape
cast using a 254 um thick stencil onto a glass slide. Three different MCMB/PEO ratios
were prepared: 40 vol% MCMB/60 vol% PEO, 50 vol% MCMB/50 vol% PEO, and
60vol% MCMB/40 vol% PEO. PEO of 200,000 M.W. was used. In all three cases, 1 g of
MCMB was used and the appropriate amount of PEO was added. It was observed that
uniform casting resulted when the PEO was 10 vol% of the total volume of polymer and
solvent. While still wet, the casting was immediately covered with a strip of the
conductive polymer blend 10 wt% POMA/90 wt% PVdF (Figure 4.1), prepared
according to the experimental description in Chapter 3. Electronic isolation between the
low refractive conductive polymer blend and the high refractive index MCMB is
expected to be observed with DIM as the intervening medium. The samples were then
dried under vacuum at room temperature for 12 hrs. The films of POMA/PVdF blend
varied from 15-30 um in thickness and the MCMB/PEO layer was approximately 100 pm

thick when dry.
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POMA/
PVdF film

Glass slide —H*

MCMB
Particle

Figure 4.1 Experiment demonstrating electronically insulating junctions between

two conductive materials in a system expected to have a negative
Hamaker constant. Cross-section SEM analysis shows the PEO
wetting between the MCMB and the conductive polymer blend as
expected for Aj»3<0, where 1 is the conductive polymer blend, 2 is
the DIM, and 3 is the MCMB.

4.1.2 Observations

The refractive index of 10wt% POMA/90wt% PVdF (TFA doped) was previously
measured by ellipsometry at 633 nm wavelength illumination and determined to be 1.46

(n;). The refractive index of MCMB is 2.5 (n3) and that of diiodomethane is 1.7411 (ny).

Thus, n; <n; <n3, and A;23<0 is expected (Figure 4.1).
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Figure 4.2 shows where resistance measurements were taken once the diiodomethane
was removed from the system by vacuum drying at room temperature for 12 hrs. Table
4.1 shows the resistance value and the separation distance between the two probes for an

experiment where 60 vol% MCMB/40 vol% PEO was used.

S

Glass
Slide

MCMB/PEO

/

POMA/PVdF

Figure 4.2 Experimental configuration for measuring resistance across each
conductive film and between the two films.
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A 1.2 MQ 1.0 MQ 0.5 MQ
3-4 mm 1.5cm 3-4 mm
B|12MQ 60kQ2
3-4 mm 3-4 mm
C 60kQ2
3-4 mm
D 360 kQ
2cm

E | 1.0MQ
1.5cm

F 360 kQ
2 cm

G| 0.5MQ
3-4 mm

Table 4.1 Resistance measurements recorded between films of
POMA/PVdF and 60 vol% MCMB/40 vol% PEO. The
separation distance between the two probes corresponds
to the measurement points referenced in Figure 4.2. Points
A, G, and E correspond to the POMA/PVdF film and points
B, C, D, and F correspond to the MCMB/PEO film.

The resistance across 3-4 mm of the MCMB/PEO film was 60kQ). The resistance
across 3-4 mm of POMA/PVdF film was 0.5 MQ. Interéstingly, between the
POMA/PVdF and the MCMB/PEO films, the 2-point resistance between points A and B
(3-4 cm) was 1.2 MQ. Amongst the samples prepared, this was the lowest value
recorded across the two films. Approximately 2 MQ was observed when a 40 vol%
MCMB/60 vol% PEO film was utilized. Thus, the through layer resistance between the
two conductive layers shows an additional interfacial resistance from 0.7 MQ to 1.5 MQ

that would not be present if the two layers were electronically shorted. This experiment
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was repeated with the three different volume fractions of MCMB/PEO and 5 samples of
each composition. An additional interface resistance was observed in each instance.
4.1.3 Conclusions

This experiment clearly demonstrates the existence of an additional interface
resistance. Electronic isolation between the two layers is clearly occurring, consistent
with the result expected for A 23<0. However, other factors could also contribute to the
observed additional interfacial resistance. First, the DIM in the PEO/MCMB castings
could have dedoped the POMA/PVdF. As well, the PEO could wet between the
POMA/PVAF and the MCMB for reasons other than having A;23<0. Finally, the
resistance of the POMA/PVF films may differ between the through-thickness and in-
plane directions.
4.2 Layered Ag-POMA/PAN-PEO/DIM-LMCO Experiment
4.2.1 Motivation for a POMA/PAN Polymer Blend

A POMA/PAN blend is an attractive composition since POMA is a good electronic
conductor and PAN is a reasonably good SPE when doped with LiClO4, with a
conductivity value of 5 x 10 S/cm at room temperature [4-1]. Thus, if this blend could
be coated onto the surface of either cathode or anode, then the requirements of a low
refractive index and electronic and ionic conduction could potentially be met.
4.2.2 Experimental

The POMA solution was prepared according to the specifications outlined in Chapter
3. PAN was substituted for PVJF and co-solubility of POMA and PAN in DMF was
observed. The PAN stock solution concentration was 0.0989 g/ml. The PAN solution

was doped with LiClOy at 20 wt% of polymer and salt (1:4, Li:CN) in order to achieve
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ionic conductivity. The POMA and PAN/LiClO4 stock solutions were then combined to
give a dry film with 10 wt% POMA/90 wt% PAN. The films were dried under vacuum
at room temperature for 12 hrs. and immediately transferred to the Argon filled glovebox.
All samples were handled in the glovebox once dry due to the hygroscopic nature of the
salt-doped polymer blend. The films were applied to silver foil substrates, which also
serve as a metal anode, since Ag can be lithiated up to a concentration of LiAg.

A suspension of LiMgg 05C09.950; (LMCO) powder in a solution of PEO and DIM
with the PEO being 10 vol% of the total volume of polymer and solvent was heated to
50° C with continuous stirring. Once the PEO was dissolved, the LMCO/PEO/DIM
slurry was cast onto the POMA/PAN substrates (Figure 4.3). Once the LMCO/PEO was
cast, the entire sandwich was dried under vacuum at room temperature for 12 hrs.
Additionally, separate samples of LMCO/PEO/DIM slurry were cast onto a glass slide
and dried at room temperature for 12 hrs. under vacuum for electronic conductivity

measurements.
4.2.3 Observations

When the electrodes of the multimeter were placed 3-4 mm apart on the PEO/LMCO
film cast onto glass, resistances of 1-2 MQ) were observed for a film thickness of 100 um.
The 2-point resistance measured through the POMA/PAN to the Ag foil was
approximately 1 MQ. However, after the LMCO/PEO layer was cast onto the Ag foil
coated with the POMA/PAN conductive blend, and dried, the two-point resistance
measured through all three layers is greater than 5 MQ. This sample was placed in a
stainless steel screw-top electrochemical cell and flooded with LP 30 (1:1 EC:DMC, 1 M

LiPFg) liquid electrolyte. An open circuit voltage of 0.72 V was observed. However, due
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to the solubility of PEO in liquid electrolyte, the cell shorted after approximately 30
minutes. This prevented further electrochemical testing.

Stereomicroscope inspection of the POMA/PAN layer showed that phase separation
was occurring, probably into a POMA-rich and PAN-rich phase. No literature data was
found for this conductive blend. The effect of the phase separation on the electronic

isolation behavior is presently unknown.

LMCO/PEO/DIM
0 <« 10Wt% POMA/
o S < 5o paxico,
E— doped)

¥ Agfoil

Figure 4.3 Schematic of the through layer resistance measurement showing
electronic isolation between LMCO and POMA/PAN.
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4.2.4 Conclusions

A negative A3 is expected to exist between the LMCO and the POMA/PAN when it
is separated by the PEO/DIM solution. Here also, electronic isolation between the
percolating conductive network of LMCO and the conductive polymer film appears to
have been achieved, resulting in an additional interfacial resistance of approximately 4
MQ.
4.3 Layered LMCO-PS/DIM-POMA/PVAF Isolation Experiment
4.3.1 Experimental

The POMA/PVdF blend was cast and dried on Ag foil discs 3/8ths inch diameter and
100 pm thick according to the experimental section of Chapter 3. On top of the
conductive polymer coating, a suspension of LiMgg ¢sC09 950, (LMCO) powder and PS
in DIM was cast (Figure 4.4). The ratio of LMCO to PS was 50:50 by volume. The PS
(50,000 M.W.) was 10 vol% of the total volume of PS and DIM, and was dissolved by
heating to 70° C with continuous stirring. Once the LMCO/PS suspension was cast, the
entire sandwich was dried under vacuum at room temperature for 12 hrs. PS was used
because it is soluble in DIM and insoluble in common liquid electrolytes. The samples
were placed in a stainless steel screw-top electrochemical cell and wet with LP 30 (1:1

EC:DMC, 1 M LiPF) liquid electrolyte and electrically connected for cycle testing.
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Al current collector

50Vol% LiMg; 05C0 950,/
50Vol% PS (50,000 MW)

' A1 >0

attraction
Conductive —P .
Polymer ’ A123<0
Blend: . repulsion
10 wt% POMA/
90 wt% PVdF

Silver foil

Figure 4.4 Schematic of layered assembly for cycle testing.

4.3.2 Observations

Figure 4.5 shows the voltage vs. capacity curve measured at a charging rate of
10mA/g. The upper voltage cut-off limit was set to 4 Volts. Once 4 V was reached, the
system switched to discharge and the cell voltage fell to 0.7 V in approximately 60
seconds. 8 such cells were assembled, of which 5 were apparently shorted upon
assembly since they showed no measurable voltage; however, 3 cells had an OCV of
approximately 100 mV upon assembly and showed charging like behavior. The
thermodynamic voltage for the removal of Li” from LMCO and insertion into Ag metal is
approximately 3.3 volts. The plateau from the charge curve in Figure 4.5 starts at 2.7

volts and extends up to 3.6 volts.
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Figure 4.5 Voltage vs. capacity for layered cell Ag-POMA/PVdJF-PS/
DIM-LMCO. The current rate and the capacity is calculated
for the LMCO mass.

4.3.3 Conclusions

Although the cells failed to show a significant discharge capacity, the plateau voltage
observed is consistent with that expected for the LMCO/Ag couple, and the shape of the
curve suggests that charging of the cell occurred. Although POMA is known to be
electrochemically active [4-2], in the configuration in Figure 4.4, POMA is at the
negative electrode and cannot contribute to the capacity observed.

4.4 Isolation Experiments Using LiFePO,

LiFePOy (LFP) is attractive as a cathode material for dispersion force self-organized
batteries due to its low refractive index. It exists naturally as the mineral triphyllite with
the formula Li(Fe,Mn)POy, and has a reported refractive index of 1.69 [4-3]. Thus, the
refractive index of DIM, with n=1.7411, is between the refractive index of Li(Fe,Mn)PO,

and MCMB and should allow electronic isolation between the two. However, LiFePOy, is

insulating and requires a dopant in order to be electronically conductive. Group members
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Dr. Sung-Yoon Chung and Jason Bloking have explored various dopants, including Ti,
Nb, Zr, and Mg, that increase the conductivity of LiFePO, by several orders of
magnitude. The undoped powder is gray, whereas the doped powder is black. Dopants
on both the Li site and the Fe site were explored. A 1% Nb doped sample of LiFePO,
that was pressed as a pellet and fired at 850° C had a measured refractive index of 1.78 at
633 nm wavelength illumination. However, this sample also had Fe;P present as a
second phase, which should raise the average index. This is above the refractive index of
diiodomethane, n=1.7411, and thus would give A;23>0 between MCMB and LiFePO;.
4.4.1 Experimental

A solid film containing 80 vol% LiAl, o;Fe)90PO4 and 20 vol% PVdF (534K MW)
was first tape cast using DMF as the solvent onto Al foil and dried in air at 50° C, to give
50 um thick films. Disks were subsequently cut out using a 3/8ths inch punch. A
suspension of 60 vol% MCMB and 40 vol% PS (S0K MW) was prepared with the PS 10
vol% of the total volume of PS and DIM. The PS dissolved at 70° C under constant
stirring. The MCMB/PS/DIM suspension was cast onto the LFP/PVdF substrate with a

pipette and the entire sandwich was dried at 50° C in air (Figure 4.6).

60 vol% MCMB/40 vol% PS (50K MW)

80 vol% LFP/20 vol% PVdF (534K MW)
Al foil

Figure 4.6 Layered configuration where it is expected that the condition
A123>0 will exist between the MCMB and the LFP.
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4.4.2 Observations

First, the conductivity of the LFP/PVdF layer was measured. Independent 4-point
resistivity measurements performed by Jason Bloking of a sintered LiAlg g;Fe90PO4
pellet gives a value of p=1 x 10> Q-cm. The through-layer resistance with a 1 cm? Au
electrode sputtered on top of the LiAlg ¢1Feg 99PO4/PVdF layer that was 50 um thick was
3-5 Q. This is consistent with the resistivity measurement performed on the sintered
pellet. A 2-point resistance measurement across 1 cm of the 60 vol% MCMB/40 vol%
PS (50K MW) film gives 1-5 kQ. When 100% DIM was used as the solvent and
intervening medium in A3, the through-layer resistance from MCMB/PS casting to Al
foil was 1-5 kQ. Although the through-layer resistance of the 60 vol% MCMB/40 vol%
PS (50K MW) layer should be significantly less than 1-5 kQ at a layer thickness of
approximately 100 um, the low resistance of the sandwich indicates that the MCMB may
have shorted to the LiAl g;Fe 99PO4/PVdF casting. This apparent shorting is consistent
with the measured refractive index value of doped LFP, giving A;,3>0 when DIM is used
as the intervening medium between MCMB and LiAlg ¢;Fep.99POy.
4.4.3 Conclusions

Electronic shorting between LiAly ¢1Fe.99PO4 and MCMB was observed when DIM
was the liquid medium. From this result, it is concluded that the refractive index of the
particular LiAly 01Feg.99PO4 used is probably above that of DIM (n=1.7411). However,
not all the doped LFP’s are the same due to the possible presence of second phase (Fe3P)

and excess carbon.
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4.5 Isolation Experiments Substituting 1,2-diiodoethane (DIE) for
diiodomethane (DIM)

4.5.1 Experimental

In order to observe electronic isolation between the doped LFP and MCMB, a higher
refractive index solvent was believed to be necessary. 1,2-diiodoethane (DIE) is an
attractive alternative to DIM as it has a listed refractive index of 1.871 [4-4].

DIE has a melting point of 83° C and is therefore solid at room temperature. PS is
soluble in DIE at 100°C. A solids mixture containing 60 vol% MCMB/40 vol% PS (50K
MW) was mixed with DIE. The DIE was 10 vol% of the total volume of polymer and
solvent. The 3-component system was mixed in a sealed glass jar and placed in an oven
at 100°C. The PS was mixed every 5 minutes, and after 15 minutes, appeared to have
completely dissolved. Upon removal from the oven, pouring onto Al foil at room
temperature quenched the 3-component system, whereupon solidification quickly
occurred. The sample was then ground to break up large pieces. This MCMB/PS/DIE
mixture was then cast onto substrates consisting of films of 80 vol% LiAlg;Feg.90PO4/20
vol% PVdF (534K MW) prepared on Al foil. These substrates were prepared according
to the procedure in 4.4.1. The LiAlg 1Fe 99PO4 used here was from the same batch as
that used in section 4.4. The MCMB/PS/DIE solid mixture was placed on top of the
LFP/PVdF coated Al substrates that were punched out to 3/8ths inch diameter. The
samples were then placed into the oven again at 100° C whereupon the DIE melted and
evaporated from the sample. A Cu current collector was attached to the anode (MCMB)

side after the sample was cooled (Figure 4.7).
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Cu current collector

60Vol% MCMB/40Vol%
PS (50K MW) with DIE as
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PVdF (534K B o  rcpulsion

Al foil

Figure 4.7 Schematic of sample for electrochemical testing.

4.5.2 Observations

Two point measurements of the through-layer resistance gave values of over 30 MQ
when DIE was used as the solvent. Across the MCMB/PS casting alone, the 2-point
resistance measurement gave values from 1-5 kQ when the probes were 3-4 mm apart.
When a solution of only PS and DIE are dried at 100° C, a clear, colorless, and uniform
layer of PS is left behind, indicating that all of the DIE can be removed.
4.5.3 Conclusions

The results show that when 1,2-diiodoethane (DIE) is used as the solvent for PS, and
as the intervening medium between MCMB and LiAly o1Fe 90PO4/PVdF layer, electrical

isolation clearly occurs between the two.
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4.6 Cell Preparation and Cycling Experiments
The samples described in section 4.5 were assembled into cells as shown in Figure 4.8

and then flooded with liquid electrolyte (LP 30).

Stainless steel plunger to negative
/ lead of charger

Celgard gasket separator

Cu current collector
60Vol% MCMB/40Vol% PS (50K MW)
80Vol% LFP/20Vol% PVdF (534K MW)
Al foil

Figure 4.8 Sample preparation for electrochemical testing.
The MCMB/PS coating did not cover the entire surface of the LFP/PVdF layer. Thus, a

Celgard gasket was put in place to prevent the stainless steel plunger from shorting to the

LFP/PVdF layer. Figure 4.9 is a charge curve for a cell cycled at room temperature.
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Figure 4.9 Charge curve for cell of the configuration illustrated in Figure 4.8,
tested at 25°C. The current rate and the capacity is calculated for
LFP mass.
The voltage limits in Figure 4.9 were set at 2.5 V — 3.8 V and the charging current at a
rate of 5 mA/g. When the voltage reached 3.8 V, the cell switched to discharge and the
voltage immediately fell below the 2.5 V lower voltage limit. When the lower voltage

limit was set to 0.005 V and the same cell was heated to 50° C, the charge/discharge

curve in Figure 4.10 was obtained.
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Figure 4.10 Charge curve for cell of the configuration illustrated in Figure 4.8,
tested at 50°C. The current rate and the capacity is calculated for
LFP mass.

Thermodynamically, Li intercalation into LFP should occur at 3.25 V vs. MCMB.

This is close to the charging voltage observed. Assuming that the voltage plateaus in

Figures 4.9 and 4.10 are close to the equilibrium voltage, a much greater polarization is

observed when the cell is discharged. In Figure 4.10, it appears that discharge begins at

approximately 0.75 V. For comparison, undoped LiFePO, was pressed as a pellet with

10 wt% PVdF as a binder and no carbon additive and cycled against Li using a Celgard

separator in a conventional cell design (Figure 4.11) [4-5]. The thermodynamic

intercalation voltage of LiFePO, vs. Liis 3.5 V. In Figure 4.11, low polarization (100-

200mV) is observed upon charging; however, as in the case of Figure 4.10, no discharge

is observed. Thus, the same charge with failure to discharge behavior is observed in a

cell with known electronic isolation provided by the Celgard separator.
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Figure 4.11 Cycling of undoped LiFePOy vs. Li in a stainless steel screw-top
electrochemical cell using Celgard separator. 10 wt% PVdF was
used as a binder in the cathode. No carbon additive was used.

The cell in Figure 4.10 was cycled again at elevated temperature (50° C) for 4 cycles.

Figure 4.12 shows the charge/discharge curves. Polarization upon discharge is observed

as well as decreased capacity with each successive charge.
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Figure 4.12 Four charge/discharge cycles for cell of the configuration illustrated
in Figure 4.8, tested at 50°C. The current rate and the capacity is
calculated for LFP mass.

Finally, the cell in Figure 4.12 was charged at SmA/g to 3.8 Volts at 50° C and
removed from the battery tester. Figure 4.13 shows the resulting OCV that was recorded

over time. It appeared that the cell was asymptotically approaching an equilibrium

voltage just below 1 V.
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Figure 4.13 OCV measurements for a cell after charging to 3.8 volts.

At 140 minutes after the current was set to zero, the cell had an OCV of 0.8 V. Thus,
it appears that this cell is capable of holding charge.
4.7 Conclusions of Electronic Isolation Experiments

Additional interfacial resistances between two electronically conductive species
consistent with A;3>0 have been realized experimentally. Furthermore, voltages upon
charging were observed for SBS cells thermodynamically consistent with the active
materials (cathode and anode) utilized. However, unless a cell exhibits discharge, other
side reactions that could potentially produce similar charge curves will need to be
considered. It is unclear at this time why the cells fail to show a significant discharge

capacity.
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CHAPTER 5. Self-Organized Cells Using Colloidal Particle Cathode and Anodes.
Multiple experiments were performed with the purpose of producing the configuration
that was proposed in Figure 2.1. In comparison to the layered geometries of Chapter 4,
Self-Organized Battery System (SBS) cells using a single cast suspension containing
cathode, anode, solvent, and binder were prepared and tested. The conductive olivine
Li(MyFe,..)PO4 with M=Zr and Ti was used as the cathode. MCMB served as the‘anode,
and poly(styrene) as a binder.
5.1 MCMB-PS/DIM-Conductive LFP Printed Onto fOMA/PVdF Substrates
Cells with the configuration in Figure 5.1 were attempted. These are expected to self-
organize due to the simultaneous presence of both attractive and repulsive London

dispersion forces, as described in Chapter 2.

Cu current collector

MCMB

Conductive
Polymer

Blend:

10 wt% POMA/
90 wt% PVdF

Al current collector

Figure 5.1 Cell configuration of full SBS cells using 50 vol% active material
{Li(Zl‘o.ozFeoAgs)POL; and MCMB}/SO vol% PS (50,000 MW) cast
onto POMA/PVdF substrates.
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Due to the low Zr dopant level, the refractive index of LiZrg 02Feg 0sPO4 was assumed
to be the same as that of the Li(Fe,Mn)PO, mineral, which has a value of n=1.69. This is
below the value of DIM (n=1.7411), so a negative A3 is expected between
LiZry 02Fe) 9sPO4 and MCMB with DIM as the intervening medium. A bipolar
electrochemical junction should be established in the SBS cell based upon repulsive
London dispersion forces using equations 2.4 and 2.5. A 123<0 is also expected between
the Cu foil, which has n>2, and LiZ;o,ozFeo,ggPO4 when DIM is the intervening medium.
This should prevent the LiZr ¢yFeg 0sPO4 from electrically shorting between the Cu anode
current collector and the POMA/PVJF conductive polymer blend at the cathode current
collector. MCMB, with a refractive index of 2.5, is expected to electrically short to the
Cu foil when DIM is the intervening medium, but should be repelled from the
POMA/PVdF conductive polymer blend. Therefore, the MCMB should not electrically
short between the two current collectors.

5.1.1 Experimental

100 pm thick Al foil (Puratronic Grade Alfa-Aesar) was punched into 3/8ths inch
diameter disks and coated with 10 wi% POMA/90 wt% PVdF (TFA Doped) using the
techniques described in Chapter 3. The relative amounts of Li(Zro 02Feg.98)PO4 and
MCMB were 6alculated assuming a charge-balanced cell having a practical capacity of
140 mAh/g for (Li(My 0,Feq.05)PO4 and 372 mAh/g for MCMB. An equivalent volume of
PS to the volume of active materials was used. The solvent for poly(styrene) (PS),
diiodomethane (DIM), was 90 vol% of the total volume of polymer and solvent. Both the
Li(Zro 02Feg 03)PO4 and the MCMB were dispersed in separate solvent-binder solutions,
and the two were then combined to obtain the final suspension. Once Li(Zr o,Feg 05)POs,

MCMB, and the PS were mixed in DIM, the system was heated to 70° C for 20 minutes
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whereupon complete dissolution of the PS occurred. After dissolution and while still hot,
the SBS suspension was immediately pipetted onto aluminum substrates coated with 10
wt% POMA/90 wt% PVdF conductive blend. A copper disk was applied to the top of the
wet suspension to serve as the anode current collector. All samples were dried at room
temperature under vacuum for 12 hours. Upon removal from vacuum [Figures 5.2 (a)
and (b)], the cells were immediately transferred to the argon filled glovebox. The cells
were placed in a stainless steel screw-top electrochemical cell and 10 drops of LP 30

electrolyte (1:1 EC:DMC, 1 M LiPF¢) was added. The electrochemical cells were tested

with hardware provided by National Instruments and a LabVIEW operating system.

Figure 5.2 a Photograph of cell upon removal from vacuum at room temperature
before transfer to argon filled glovebox.
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Figure 5.2 b Photograph of cells upon removal from vacuum at room
temperature before transfer to argon filled glovebox.
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5.1.2 Observations

Figure 5.3 is a charge curve obtained at a current rate of 2mA/g, calculated from the
LFP mass. Figure 5.4 is an expanded view of the capacity curve around 20 mAh/g. The
capacity is determined based only upon the weight of the cathode. The cell had an open
circuit voltage (OCV) of 155 mV after being wet with LP 30 electrolyte and assembled in

an electrochemical cell.

Voltage (V)
N

AN oW
N

0 i 1 T T
0 5 10 15 20 25

Capacity (mAh/g of cathode)

Figure 5.3 Charge/discharge curves for 4 cycles, with an upper
voltage cut-off of 4.5 V and lower cut-off of 2.5 V
(Cell PS 210).
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Figure 5.4 Expanded view of the capacity curve around 20 mAh/g
of Figure 5.3.

In Figure 5.3, the voltage plateau at 4 V and the voltage up turn at 20 mAh/g are
indicators of cell charging. The first discharge of the cell showed a small discharge
capacity starting at 3 V. To further differentiate the charging of the cell from polarization
of the electrodes, the same cell was charged to 4.5 V and the OCV was measured over
time (Figure 5.5). The OCV remained over 3.4 V for 3 hours before decaying slowly

over 20 hours to about 1 V.
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Figure 5.5 Monitoring OCV of SBS cell (Cell PS 210).
The same cell was set to cycle again under the same conditions; however, the upper
voltage limit was set to 4.3 V to prevent possible decomposition of the liquid electrolyte.

Figure 5.6 shows the respective cycling curve.

[$))]

»
13

w
[, -8

Voltage (V)
N

-—

U N W

o

o

T T T T

0.5 1 1.5 2 25 3
Capacity (mAh/g of cathode)

o

Figure 5.6 Second cycling of SBS cell (Cell PS 210).
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From Figure 5.6, a capacity of only 2.5 mAh/g was realized during the charge cycle with
an upper voltage limit of 4.3 V. A small discharge capacity is again observed at 3 V.
The voltage plateau at 4 V in Figure 5.6 is almost identical to that observed in Figure 5.3.
5.1.3 Discussion

Thermodynamically, delithiation of LFP should occur at 3.25 V vs. MCMB. Thus, it
appears that delithiation of LFP with intercalation in MCMB is occurring, as well as
some polarization. However, it seems that the charging is irreversible. When the cell
was first charged, a capacity of 20 mAh/g was realized, which is still only 14% of the
practical capacity available from Li(Zry o,Fe( 05)PO4 (140 mAh/g). It is possible that only
the Li(Zro 02Feg 95)POy particles that were in direct contact to the polymer film were able
to be delithiated, as Li(Zro.02Fe0.93)PO4 may not provide sufficient electronic conductivity
through the particle-particle contacts depicted in Figure 5.1. Upon subsequent cycling,
the cell did not charge further. Nonetheless, the cell held an OCV of over 3.4 V for 3
hours (Figure 5.5).

Another possibility is that the refractive index of Li(Zro 02Feo05)PO4 is greater that that
of the intervening medium, DIM. If the refractive index is higher than the 1.69 that was
assumed, then both the Li(Zro.02Fe(.95)PO4 and the MCMB would be repelled from the
surface of the POMA/PVdF conductive blend. In this instance, the charging behavior
observed could be that for the POMA cycling as a cathode against the MCMB. It is
known that POMA is electrochemically active as a cathode material, with a voltage
plateau from 3 to 3.8 V relative to a lithium metal anode. The protonic doping
mechanism for POMA is a competitive process to the charge-storage mechanism when
POMA is used as a cathode. Upon charging, oxidation of the nitrogen on the polymer

backbone is charged balanced by the Li-salt anion, which releases the Li ion for
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intercalation into the anode. This charge storage mechanism provides POMA with a
practical capacity of 95 mAh/g. However, the low level of POMA (approximately 0.1
mg) that is present in the conductive polymer blend, and the high level of TFA doping,
should provide negligible capacity when the present POMA/PVdF blends are cycled
against MCMB-clearly not enough to provide the capacity observed in Figure 5.3. For
the POMA that is present, assuming that it is at least 50% doped with TFA, a maximum
capacity of 5 mAh/g could be realized, which is only one-forth of the observed charge
capacity.

5.2 Self-Organized MCMB-PS/DIM-Conductive LFP on POMA/PVdF Substrates,
Cycled in a Pressure Free Cell

The pressure applied to the sample in the stainless steel screw-top electrochemical cell
is not precisely known. A positive Hamaker constant and an attractive force exist
between Li(Zry o2Fe0.98)PO4 and MCMB when liquid electrolyte (LP 30) is the intervening
medium in the assembled cell. After conducting the experiments is section 5.1, it was
speculated that possibly the pressure applied to the sample upon assembly of the cell was
causing the cell to electronically short since the repulsive interaction is now replaced with
an attractive interaction. Thus, experiments were conducted where no direct pressure was
placed on the sample during cycling.

5.2.1 Experimental

100 pm thick Al foil (Puratronic Grade Alfa-Aesar) was punched into 3/8ths inch
diameter disks and coated with 10 wt% POMA/90 wt% PVdF (TFA Doped) using the
techniques described in Chapter 3. The relative amounts of Li(Zrg ¢2Feq.98)PO4 and
MCMB were calculated assuming a charge balanced cell having a practical capacity of

140 mAb/g for (Li(My.02Feo.98)PO4 and 372 mAh/g for MCMB. An equivalent volume of
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PS to the volume of active materials present was used. The solvent for poly(styrene)
(PS), diiodomethane (DIM), was 90 vol% of the total volume of polymer and solvent.
Both the Li(Zrg 02Feg 93)PO4 and the MCMB were dispersed in separate solvent-binder
solutions, and the two were then combined to obtain the final suspension. Once

Li(Zrg 02Fe0.95)PO4, MCMB, and the PS were mixed in DIM, the system was heated to 70°
C for 20 minutes where upon complete dissolution of the PS occurred. After dissolution
and while still hot, the SBS suspension was immediately pipetted onto aluminum
substrates coated with 10 wt% POMA/90 wt% PVdF conductive blend. A copper disk
with a copper lead was applied to the top of the wet suspension to serve as the anode
current collector. All samples were dried at room temperature under vacuum for 12
hours. Upon removal from vacuum, the cells were immediately transferred to the argon
filled glovebox. The cells were placed in a stainless steel electrochemical cell and 10
drops of LP 30 electrolyte (1:1 EC:DMC, 1 M LiPF¢) was added. Figure 5.7 shows how
the pressure-free cells were assembled. The Cu lead was bent orthogonal to the cell and
inserted into the Teflon lined base of the stainless steel electrochemical cell. 10 drops of
LP 30 electrolyte was used. Due to the open cell configuration, Teflon tape was used on
the threads of the screw-top glass jar and black plastic electrical tape sealed the lid on the
outside to prevent loss of the argon atmosphere inside the jar. The electrochemical cells

were tested with hardware provided by National Instruments and a LabVIEW operating

system.
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Figure 5.7 Pressure-free electrochemical cell assembly.
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5.2.2 Observations

The charge curve in Figure 5.8 was obtained at a current rate of 2 mA/g, calculated
from the mass of LFP. The voltage plateau at 3.8 V upon charging is consistent with LFP
cycled against MCMB, plus ~0.5 V of polarization. Ata capacity of 6 mAh/g (after 18
hours of charging), the current was turned off and the OCV was monitored over time.
The cell maintained an OCV of 3.6 V for 21 hours (Figure 5.9). At that point, a
malfunction caused the battery tester to spontaneously charge the cell up to the upper
voltage limit of 4.3 V, and discharge to the lower voltage limit of 2.5 V. Thereafter, the
cell would no longer hold a voltage above about 1.8 V, suggesting that internal shorting
was occurring (Figure 5.10). In Figure 5.10, all the data was collected while the battery
tester was in charge mode. However, at the completion of testing, the cell still had an
OCV of 380 mV and an internal cell resistance of 4.74 MQ, indicating that electrical

isolation was still present.
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Figure 5.8 Charging of SBS cell with pressure-free configuration (PS 215).
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Figure 5.9 OCV of SBS cell PS 215, showing that an OCV of 3.6 V is held
for over 20 hours.
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Figure 5.10 Charge data of cell PS215 after holding 3.6 volts for over 20 hours.

71




5.2.3 Conclusions
From these test results, it appears that charging of the Li(Zrg 02Feg.95)PO4 was taking
place. The delithiation voltage at 3.8 V observed for the LFP cycled against MCMB is
consistent with a charging plateau with slight polarization. The 0.1 mg of POMA
(capacity of 95 mAh/g) that is present would provide less than 1 mAh/g of observed
capacity in Figure 5.8. Therefore, it is concluded that the capacity observed in Figure 5.8

is due to the charging of the LFP.,

5.3 Self-Organized MCMB-PS/DIM-Conductive LFP Suspensions on
POMA/PVdF Substrates: Effect of PS Fraction and Phase Purity of
LFP Powder
After conducting the experiments in sections 5.1 and 5.2, it was determined that the
Li(Zro.02Feq95)PO4 used in the experiment may have had an Fe,P second phase present as
well as a small percent (2-5 wt%) of carbon. The carbon could allow for electronic
shorting between the Li(Zro o,Feo.05)POs and the MCMB. It is uncertain what effect the
Fe,P could have had on the cycling performance. A new cathode powder,
Li(Tip.02Feq.98)PO4, was processed and verified to be single-phase, and to have electronic
conductivity >10 S/cm at room temperature. In addition, the vol% of PS was increased
from that used in section 5.2 to further prevent shorting between Li(Tig 02Fe 05)PO4 and
MCMB once the DIM was removed and the liquid electrolyte was added to the cell for
cycling.
5.3.1 Experimental
100 pm thick Al foil (Puratronic Grade Alfa-Aesar) was punched into 3/8ths inch
diameter disks and coated with 10 wt% POMA/90 wt% PVdF (TFA Doped) using the

techniques described in Chapter 3. The relative amounts of Li(Tig.02Fe 95)PO4 and

MCMB were calculated assuming a charge-balanced cell having a practical capacity of
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140 mAbh/g for Li(Tio02Fe098)PO4 and 372 mAh/g for MCMB. 60 vol% of PS was used
based upon the total volume of polymer and active materials present. The solvent for
poly(styrene) (PS), diiodomethane (DIM), was 90 vol% of the total volume of polymer
and solvent. Both the Li(Ti¢ 02Feo03)PO4s and the MCMB were dispersed in separate
solvent-binder solutions, and the two were then combined to obtain the final suspension.
Once Li(Tig p2Fep.95)POs, MCMB, and the PS were mixed in DIM, the system was heated
to 70° C for 20 minutes where upon complete dissolution of the PS occurred. After
dissolution and while still hot, the SBS suspension was immediately pipetted onto
aluminum substrates coated with 10 wt% POMA/90 wt% PVdF conductive blend. A
copper disk was applied to the top of the wet suspension to serve as the anode current
collector. All samples were dried at room temperature under vacuum for 12 hours. Upon
removal from vacuum, the cells were immediately trmsfeﬁed to the argon filled
glovebox. The cells were placed in a stainless steel screw-top electrochemical cell and 10
drops of LP 30 electrolyte (1:1 EC:DMC, 1 M LiPF¢) was added. The electrochemical
cells were tested with hardware provided by National Instruments and a LabVIEW
operating system.
5.3.2 Observations

Upon assembling in the stainless steel electrochemical cell and adding the liquid
electrolyte, the cell had an OCV of 90 mV and internal cell resistance 0.8 MQ. The
charge curve obtained in Figure 5.11 was obtained at a charging current of 5 mA/g,
calculated from the LFP mass. A capacity of 80 mAh/g in the first charge was calculated
from the weight of cathode present. The voltage plateau from 3.2 to 3.7 V in Figure 5.11

is consistent with Li(Tio.02Feo 08)PO4 cycled against MCMB. Negligible discharge
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capacity was observed to a lower voltage limit of 2.5 V. After the data collection in
Figure 5.11 was complete, the cell was restarted 7 hours later with a charging current of 5
mA/g, a discharge current of 20 mA/g, a lower voltage limit of 0.5 V, and an upper
voltage limit of 4.3 V (Figure 5.12). A capacity of 8 mAh/g was realized, with a voltage
plateau that is again consistent with Li(Tig 02Feg 95)PO4 cycled against MCMB. A small
discharge capacity under high polarization was observed. Upon completion of testing,

the cell had and OCV of 103 mV and an internal cell resistance 0.8 MQ.
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Figure 5.11 LiTig,Fe 9gPO,4 cycled against MCMB in a
self-organized system (Cell PS 233).
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Figure 5.12 Data collected 7 hours after first data set collected
(Figure 5.11). First charge shows a capacity of only
8 mAh/g compared to 80 mAh/g in the first charge curve
of Figure 5.11 (Cell PS 233).

5.3.3 Conclusions

The large charge capacity realized in Figure 5.11 of 80 mAh/g further supports the
charging of the Li(Tig o2Feo 95)POy4 as the cause of the capacity observed in the charge
curves. Although side reactions must always be considered in electrochemical tests, the

smooth profile observed in Figures 5.11 and 5.12 suggests a charging mechanism rather

than a side reaction such as corrosion.
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CHAPTER 6. Conclusions

This thesis presents new concepts for self-organized electrochemical devices, and
describes experiments conducted to test the feasibility of the concepts as applied to the
specific example of a lithium rechargeable battery. These model experiments have been
conducted using individual components in the self-organized battery system that are
known and have been extensively characterized by previous researchers. Specifically, all
of the cathode, anode, and liquid electrolyte materials utilized have been proven in Li ion
cells. Furthermore, the SBS cells have been investigated using electrochemical tests that
are widely applied to conventional battery systems.

A conductive polymer blend was established that can serve as a low refractive index
end member of a self-organized battery. This material, applied as particle coatings,
deserves further attention as a method of obtaining low refractive index, electronically
and ionically conductive materials for one component of the SBS cell. Electronic
isolation is clearly observed between POMA/PVJF polymer blend and MCMB when
DIM is the intervening medium and PEO is the binder, consistent with a negative
Hamaker constant. Similarly, additional interfacial resistances are observed between
LMCO and a POMA/PAN polymer blend when DIM is the intervening medium. Here,
LMCO is the high refractive index material.

In the absence of the low refractive index polyrﬁer films, reliable electronic isolation is
observed between doped LFP/PVdF composite films and MCMB/PS when DIE is the
intervening medium. In each instance, the additional resistance observed is consistent
with an expected negative A;,;. Furthermore, the cycling of doped LFP vs. MCMB in

the layered configuration showed a cell voltage consistent with thermodynamic
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intercalation between the cathode and anode materials used. However, it is unclear at this
time why the cells fail to show a significant discharge cai)acity.

In the fully interpenetrating SBS cells made using a single suspension containing
particles of both cathode and anode, it appears that charging of the doped LFP was taking
place. The delithiation voltage at 3.8 V observed for the LFP cycled against MCMB is
consistent with the expected charging voltage plus a slight polarization. Moreover, the
substantial charge capacity of 80 mAh/g observed further supports the charging of the
cathode as the cause of the capacity observed in the charge curves. Although side
reactions must always be considered in electrochemical tests, the smooth profiles
observed suggests a charging mechanism rather than a side reaction such as corrosion.

Thus, the feasibility has been demonstrated in several experimental geometries for the
key concept of electrical isolation of conductive electrode materials using repulsive
dispersion forces, and the creation of an electrochemical junction. While much additional
work is necessary to improve the processing and device characteristics, these results pave

the way for subsequent studies that may lead to commercialization.
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